ABSTRACT In this paper, a high gain and low grating lobe electrically large array antenna is proposed by using Fabry-Perot cavity (FPC). The feeding array antenna is composed by elements with electrically large property (ELP) based on TM 30 mode. The FPC between a ground plane and a single-layer partially reflecting surface (PRS) made by substrate with arrays of square metal patches printed on both the top and bottom surfaces is used here to narrow the beamwidth of element patterns, thus the large grating lobes of array caused by large element spacing can be avoided. By analyzing the parameters of PRS unit cell, suitable cell spacing is determined. Finally, a 2 × 2 array was fabricated and measured to validate its effectiveness. Measurements demonstrate that the gain of the array can reach up 20.9dBi at the center working frequency. When the element spacing is 1.47λ 0 , the maximum grating lobe level at 21GHz is only −15.5dB.
I. INTRODUCTION
Microstrip antenna plays an important role in communication system. With the actual requirements of broadband and high-speed data transmissions, the development of microstrip components in millimeter wave (MMW) and terahertz (THz) wave bands have become an inevitable trend. However, the fabrication accuracy of MMW and THz wave antennas will soon reach micron level as the operating frequency increases, which requires greater demands on machining precision and fixed installation of some equipment. Planar antennas with electrically large property (ELP) that break through size limitation of traditional patch antenna can solve the problem to some extent [1] - [3] . Nevertheless, it is difficult to design array antenna with ELP according to the array theory. As we know, the elemental periodic intervals of array are usually less than 1λ 0 . Since the particular size of the ELP antenna is usually more than one wavelength, the element spacing of ELP array is greater than one wavelength consequentially and
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Facing the confine mentioned above, some methods have been proposed. One of typical strategies is adopting random distribution of subarrays or elements. By disrupting distribution, the grating lobes of subarrays will not overlap in-phase or have different angular directions, which avoids large grating lobes appeared in array patterns [4] - [8] . According to the models proposed in [5] and [6] , by considering multiple arrays such as periodic subarrays, unequally spaced subarrays and phased subarrays etc., the grating lobes level can be reduced by 2.6dB∼11dB. Similarly, optimized amplitude weighting, random subarray and random staggering of the rows were also be used to suppress grating lobes in [8] and the levels can be reduced to −3.77dB∼ −20dB. However, these typological methods are usually based on special optimization algorithms and salient number of subarrays or elements, which will dramatically increases complexity of optimization and fabrication. Different from the previous method, tactics of making the null/(zero) ranges of element pattern coincide with the grating lobes of array factor (AF) can considerably VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ decreases complexity of design and optimization as well as simplify manufacturing and reduce cost. This method of solving large element spacing in arrays is proposed and applied in [9] . When the element spacing is more than 1.4λ 0 , the grating lobes level are lower than −22dB. What should be emphasized is that the second approach also has application conditions. If element patterns of E-plane and H-plane do not have null/(zero) ranges concurrently, it will be difficult to apply this method to a 2-D array antenna. Namely, if the beamwidth of E-plane and H-plane can be narrowed simultaneously and the high level regions of element pattern can be avoided by grating lobes of AF, the influence caused by large element spacing in 2-D arrays can also be reduced.
As is well-known, Fabry-Perot cavities (FPC) is often used to enhance antenna gain and expand bandwidth [10] - [18] compared with traditional antennas [19] , [20] . Actually, this structure also has excellent advantage to suppress the grating lobes of array caused by large element spacing. However, there is little specific research on it. As described in [10] , an FPC with artificial magnetic conductor (AMC) walls is adopted to suppress grating lobe of array with 2λ 0 element spacing. But this work is only implemented in 1-D array antenna and the height of the AMC wall is higher. Similarly, by introducing PRS on the top of feeding antenna in [11] , the grating lobes of array with 2λ 0 element spacing can be controlled lower than −7dB. But the above work only considered the gain and polarization performance but ignored the element spacing. Thus the grating lobe level is relatively high.
In this paper, a high gain and low grating lobe electrically large array antenna by using FPC is proposed. Since the beamwidth of the antenna patterns can be narrowed by loading partially reflecting surface (PRS) above the feeding antenna, it can be applied to design low grating lobe array antennas with ELP. Section II analyzes the performance of the PRS unit cell with different parameters and the influence of PRS on beamwidth of element antenna. Array theory and parameters selection are discussed in Section III. What's more, one 2 × 2 array is fabricated for verification and Section III also gives the simulated and measured results. Finally, conclusion is made in Section IV.
II. ANTENNA DESIGN AND WORKING PRINCIPLE
The antenna element of array is discussed in this section. Properties of the PRS unit cell are analyzed and influences of PRS on the ELP feeding element pattern are also described in details.
A. GEOMETRY OF ANTENNA ELEMENT Fig. 1(a) describes the overall structure of the antenna element, which consists of a feeding antenna with ELP and a single-layer metallic PRS. Both the feeding antenna and PRS are designed based on the material of DiClad 880 (permittivity: 2.2) with thickness of h 1 = 0.5mm. In Fig. 1 (d) and 1(e), the feeding antenna is composed of a square patch surrounded by substrate integrated waveguide (SIW) and a single-layer SIW feeding network. The resonant mode of the patch is TM 30 . According to the principle described in [21] , [22] , by introducing a rectangular slot along the central line of patch, the reverse phase current of the highorder mode can be destroyed and the side lobes can be effectively reduced. Furthermore, by installing two slots on the non-radiating edge of the patch, the beamwidth of H-plane can also be narrowed. Although the feeding antenna has the properties of high gain and ELP, it is difficult to be used in ELP arrays. Different from the traditional half-wavelength resonant antenna, due to the size of ELP antenna is larger than one wavelength, the element spacing of array must be over than 1λ 0 . From descriptions in Section I, undesirable large side lobes or even grating lobes appears in the array patterns.
In order to solve the above contradiction and realize low grating lobe array by using ELP element, in Fig. 1(b) , a single-layer PRS is added as a superstrate above the ELP antenna to adjust the element patterns. According to the ray optics model, the relation between the maximum directivity (D max ) of the FPC antenna and the complex reflection coefficient (Re jϕprs ) of the PRS layer can be expressed as
The thickness of the FPC (h) is given by
where -π , ϕ prs and λ 0 are the reflection phase of ground plane, the reflection phase of PRS and the operating wavelength in free space, respectively. As can be observed from (1), it reveals that larger reflection coefficient leads to higher directivity. Usually, the reflection phase ϕ prs of a highly reflective PRS is about -π and thus the minimum h is about λ 0 /2.
B. PARAMETER ANALYSIS
The PRS layer is made by single-layer with arrays of metal square patches printed both on top and bottom surfaces. The performances of the feeding antenna with ELP are highly relevant with the properties of the PRS layer. Thus the first work is analyzing the unit cell of the PRS layer. The boundary conditions of electric and magnetic walls and the two ports of waveguide are described in Fig. 1(c) . Since the unit cell is two symmetric squares structure, both horizontally polarized wave and vertically polarized wave will show similar performance.
Reflection magnitude and phase of the unit cell for different periodic spacing are shown in Fig. 2(a) and 2(b) . With the increase of d u , the resonant point transforms to higher band. What's more, it also can be seen that, at the operating frequency f 0 = 21GHz, the reflection magnitude become stronger and the reflection phase is much gentler. Meanwhile, when the value of d u is greater than 1.25mm, the changes of reflection magnitude are not significant. These results indicate that with the increase of the cell spacing, the performance of the element will be enhanced.
Furthermore, by adjusting the size of unit (l u ), the reflection magnitude and phase will also be changed. With the decrease of the value of l u , the resonant point also transforms to higher band in Fig. 2(c) and 2(d) . However, the changes are not evident compared with the periodic spacing of the PRS unit cell.
The element patterns of E-plane and H-plane are exhibited in Fig. 3(a) and 3(b) . The red dotted lines are the patterns of the feeding antenna and the −15dB beamwidth is about 100 • . By added a single-layer PRS above the feeding antenna, the beamwidth is narrowed obviously by 50 • . Due to the beamwidth of element pattern is narrowed, which provides a favorable conditions for the grating lobes of AF to avoid the high level regions of element pattern. At that time, with the increase of PRS unit cell distance, side lobes of H-plane will become smaller and smaller. Although the side lobes of E-plane are increased, the levels are always less than -15dB. What's more, the changes of E-plane are not dramatically compared with the H-plane. Fig. 3(c) directly expresses the relationship of the values of d u , antenna gain and side lobe level, which is highly consistent with the previous analysis results of the PRS unit cell. With the expansion of the cell spacing, the reflection wave in the cavity becomes more symmetrical, and the energy of the side lobes converges to the main lobe gradually. As can be seen from Fig. 3(c) , when the element spacing is 1.75mm, the element gain will reach the maximum value and the element has good performance and lowest side lobes. Meanwhile, since the resonant frequency is 21GHz, the height of the air-filled layer (h) is 7.14mm by using the equation (2) . However, it should be noticed that the above ray optics model is only a reference principle and the actual parameters still need to be optimized according to the proposed model. From the Fig. 3(d) , by adjusting the value of h, the maximum gain is obtained at h = 8mm. Compared with the element without PRS, the gain of the proposed antenna can be enhanced about 4dB.
III. FABRICATION AND MEASUREMENT RESULTS OF 2 × 2 ARRAY ANTENNA
Based on the array theory, a suitable antenna element is selected in this section and a 2 × 2 array is fabricated and measured.
A. SELECTED ELEMENT OF ARRAY
According to the array theory, the array patterns are multiplied by the element patterns and AF
where F(θ), F 1 and F a are array patterns, element patterns and AF respectively. As for a N × N array (N = 2, 3, 4 . . .), the amplitude of the individual elements are assumed equal.
As an example, F a of 2 × 2 array can be expressed as the following equation
where d x (d y ) and k are the separation distance between individual elements and the free space wave number. The parameter ϕ x (ϕ y ) is the phase of the individual elements. For array antennas with the same phase, the value of ϕ x (ϕ y ) is 0. In order to determine the suitable element for array, the first step is analyzing AF. For the 2 × 2 array with equal spacing and phase, F x and F y will have the same results. The pattern of F x (F y ) can be given in Fig. 4 . According to relationship (5) or (6) , when the element spacing is λ 0 , the value range of u x or u y is extended to −2π to 2π , and the visible area will contain three lobes with the same level. Consequently undesired grating lobes may be created in the array patterns. In order to avoid grating lobes appeared in array patterns, the maximum element spacing may be written as
When the maximum radiation direction is 90 • (θ M = 90 • ), d < λ 0 is the significant condition to avoid grating lobes. Nevertheless, if the grating lobes of the AF can be avoided by the high level ranges of element patterns, the grating lobes of array patterns can be reduced. So the second step is considering the relationship between element spacing and the angle point of grating lobes as shown equation (8).
where i = 0, 1, 2, 3, . . . i = 0 express the main lobe and others are grating lobes. From the analysis in the previous section, although the element has good properties of high gain and low side lobes when the value of d u is 1.75mm, this is not the main purpose of realizing low grating lobe array with ELP. Because when the unit cell spacing of PRS is 1.75mm, the element spacing of array will reach up 1.8λ 0 . According to equation (8) , the first grating lobes of the AF will appear at about 37 • . As can be seen from the Fig. 6 , the first grating lobes of the AF will be superimposed with the high level regions of elements and larger grating lobes will be formed. In order to realize array with ELP, low grating lobes and high gain, the unit cell spacing of PRS should be selected at 1.25mm. The maximum gain of the element is 16.3dB and the maximum side lobe level is low than −15dB. The optimized parameters of the antenna are given in Table 1 . The simulated gain and |S 11 | (20.6 GHz to 21.3GHz) of the proposed antenna element are given in Fig. 5 . The radiation patterns of 21GHz are shown in Fig. 6 .
B. ARRAY CONFIGURATION AND PERFORMANCES
Based on the antenna element proposed above, a high gain low grating lobes 2×2 array with ELP is fabricated and measured. The model is shown in Fig. 7 . The low grating lobe array is composed of a single-layer SIW feeding network, four uniform square patch elements and PRS. It should be noticed that the element spacing (D) is reaching up 1.47λ 0 . Fig. 8 shows the overall prototype of the fabricated array and the ET-launch SMA probe-to-coaxial adaptor is adopted for measurement. The simulated and measured results of gain and |S 11 | are shown in Fig. 9 . It can be found that the measured gain and |S 11 | are consistent with simulated ones. The impedance bandwidth is 4.3% (20.6 GHz to 21.5GHz). The actual gain reaches up to 20.9 dBi at 21GHz. E-plane and H-plane radiation patterns of the proposed array are shown in Fig. 10(a) and Fig. 10(b) , respectively. It can be seen that the maximum grating lobe level is lower than −15.5dB.
C. COMPARISON Fig. 10(c) and Fig. 10(d) present the result of 2 × 2 array antenna without PRS. Because the element spacing of array is over than 1λ 0 and the beamwidth of element without PRS is wider than the loaded one, thus the maximum grating lobe level are higher than −7dB. Obviously, the grating lobe level of array in Fig. 10(a) and Fig. 10(b) will have little effect on the array performance compared with Fig. 10(c) and Fig. 10(d) . This comparison shows that the issue of ELP arrays caused by large element spacing can be effectively solved by using FPC structure.
For further comparison, Table 2 lists the differences between our work and others. Compared with the traditional antennas and other FPC antennas, the proposed array with ELP owns excellent merit of high gain. Because the ELP antenna element has preferable property of high gain and the PRS structure makes the gain be further enhanced, thus fewer numbers of elements can obtain the same effect as the arrays composed by traditional elements with large number. What's more, for the ELP antenna array with fewer elements, the processing error caused by the complex structure can be reduced as well as the complexity and loss of the feeding network.
Additionally, compared with some methods to reduce grating lobes adopted in [4] - [8] , this proposed strategy can avoid rely on the number of elements, the location of each elements and complex optimization algorithms such as genetic algorithms. What's more, compared with the using application limitation in [9] , we can dramatically suppress the grating lobes of 2-D array with ELP under the premise of uniform arrangement of elements in this work. Meanwhile, this strategy can also be used to solve the grating lobes problem caused by large element spacing in other arrays.
IV. CONCLUSION
In this paper, a high gain and low grating lobe electrically large array antenna by using Fabry-Perot cavity is proposed. By introducing FPC structure, the beamwidth of ELP antenna can be effectively narrowed, thus the large grating lobes of ELP array caused by large element spacing can be avoided. This method overcomes the shortcomings of large number of elements and the complex location of elements under non-uniform arrangement. It provides a new way to solve the problem of grating lobes for 2-D larger spacing antenna arrays in the future. 
